To estimate the value of fetal brain Doppler in predicting the risk of cesarean delivery for nonreassuring fetal status and neonatal acidosis after labor induction in small-for-gestational-age fetuses with normal umbilical artery Doppler.
S mall-for-gestational age fetuses without signs of placental insufficiency as reflected in the umbilical artery Doppler account for up to 10% of the pregnant population by customized centiles. 1 Recent evidence suggests that a proportion of these small-for-gestational-age fetuses have milder forms of late-onset intrauterine growth restriction (IUGR) as suggested by an increased risk of adverse perinatal outcome, [2] [3] [4] abnormal neonatal neurobehavioral performance, 5 and suboptimal neurodevelopment in childhood. 6, 7 Thus, the identification of small-for-gestational-age fetuses with late-onset IUGR is challenging and cannot only be based on umbilical artery Doppler.
Recent studies suggest that the risk of adverse outcome in these fetuses is best established by means of brain Doppler examination. Thus, brain sparing as measured by the middle cerebral artery Doppler is associated with poorer perinatal outcome, 8 higher risk of cesarean delivery for nonreassuring fetal status, 9 and increased risk of abnormal neurodevelopmental tests at birth 10 and at 2 years of age. 11 The combination of middle cerebral artery and umbilical artery Doppler in the cerebroplacental ratio further improves the prediction of adverse perinatal outcome. [12] [13] [14] [15] In addition, brain tissue perfusion measured by power Doppler and estimated by fractional moving blood volume, as a quantitative methodology to estimate blood tissue perfusion, has been demonstrated to be more sensitive than middle cerebral artery and cerebroplacental ratio for early detection of brain redistribution in term small-for-gestationalage fetuses 16 and to identify those cases at risk of abnormal neurobehavior. 17 Small-for-gestational-age fetuses are often managed by induction of labor. 18 -20 However, clinical studies have reported an increased risk of cesarean delivery for nonreassuring fetal status in these fetuses. 9 Predicting this risk might allow timely delivery, assist the decision-making process regarding labor induction, and result in a more efficient provision of resources at delivery. The aim of this study was to estimate whether a combination of middle cerebral artery Doppler, cerebroplacental ratio, and brain perfusion by fractional moving blood volume could improve the prediction of cesarean delivery for nonreassuring fetal status and neonatal acidosis after labor induction in term small-for-gestational-age fetuses with normal umbilical artery Doppler.
MATERIALS AND METHODS
Between January 2008 and May 2010, a prospective cohort of consecutive singleton fetuses with an estimated fetal weight below 10th percentile according to local standards, 21 normal umbilical artery Doppler (pulsatility index below the 95th percentile), 22 and cephalic presentation was selected for labor induction beyond 37 weeks of gestation corrected by firsttrimester ultrasound. 23 Sample size was estimated according to the formula described elsewhere. 24 Exclusion criteria were: 1) congenital malformations and chromosomal abnormalities; and 2) confirmed birth weight above the 10th percentile according to local standards. 21 Control participants were selected during the same study period and were defined as singleton pregnancies with labor induction for premature rupture of membranes without clinical suspicion of chorioamnionitis and resulting in a neonatal birth weight between the 10th and 90th percentiles. 21 Control participants were individually matched with cases by gestational age at delivery (Ϯ1 week). The protocol was approved by the hospital ethics committee and written consent was obtained for the study from all the women involved (Institutional Review Board 2008/4422).
Prenatal Doppler ultrasound examinations were weekly performed by one experienced operator (R.C.M.) using a Siemens Sonoline Antares ultrasound machine equipped with a 6-2-MHz linear curved-array transducer. Doppler recordings were performed in the absence of fetal movements and voluntary maternal suspended breathing. Spectral Doppler parameters were performed automatically from three or more consecutive waveforms with the angle of insonation as close to zero as possible. A high-pass wall filter of 70 Hz was used to record low flow velocities and avoid artifacts. Umbilical artery pulsatility index was performed from a free-floating cord loop. The middle cerebral artery pulsatility index was obtained in a transversal view of the fetal head, at the level of its origin from the circle of Willis, and the cerebroplacental ratio was calculated as a ratio of the middle cerebral artery pulsatility index to the umbilical artery pulsatility index. Using power Doppler ultrasound, fractional moving blood volume was estimated as previously described. 25 Briefly, in a sagittal view of the fetal head, the color box was placed to include the whole frontal lobe and thus the anterior cerebral artery, pericallosal artery, median callosal artery, sagittal sinus, and the frontal medial branches. Five consecutive high-quality images with no artifacts were recorded using the following fixed ultrasound setting: gray-scale image for obstetrics, medium persistence, wall filter of 1, gain level of 1, and pulsed repetition frequency of 610 Hz. All images were examined offline and the region of interest was delineated anteriorly by the internal wall of the frontal bone, inferiorly by the base of the skull, and posteriorly by an imaginary line drawn at 90°at the level of the origin of the anterior cerebral artery and crossing at the level of the origin of the internal cerebral vein (Fig. 1) . The mean fractional moving blood volume values from all five images was considered as representative for that specific case and expressed as a percentage.
The middle cerebral artery pulsatility index and cerebroplacental ratio values below the fifth percentile and increased fractional moving blood volume above the 95th percentile were considered indicative of cerebral blood flow redistribution. 26, 27 Doppler indices with confirmed abnormal values at least 24 hours apart were considered as abnormal. In all cases, only the last examination within 24 hours before the onset of labor induction was included in the analysis.
Labor induction was performed at term (37 weeks or greater) for all small-for-gestational-age cases by cervical ripening with a slow-release prostaglandin estradiol vaginal pessary (10 mg). If the onset of labor did not occur within 12 hours, oxytocin induction was performed. All deliveries were attended by a staff obstetrician blinded to the results of the brain Doppler parameters evaluated in this study. Indication of cesarean delivery for nonreassuring fetal status was based on abnormal fetal heart rate tracing 28 and abnormal fetal scalp blood pH during intrapartum monitoring. Briefly, continuous fetal heart rate monitoring was performed and tracings were classified as normal, suspicious, or abnormal according to the presence, type, and length of decelerations; bradycardia; tachycardia; and the assessment of variability. 28 In cases with two or more criteria of suspicion and one or more criteria of abnormality not responding to fetal scalp digital stimulation, a fetal scalp blood sampling was attempted and considered as abnormal with values below 7.2.
Cases in which cervical conditions did not allow fetal scalp sampling were considered for cesarean delivery for nonreassuring fetal status if abnormal tracing persisted after pessary withdrawal and 10 minutes of intravenous infusion of ritodrine (200 g/min). Metabolic acidosis was defined as the presence of an umbilical artery pH below 7.15 and base excess greater than 12 mEq/L in the newborn. 29 All cases with adverse outcome are evaluated in a confidential enquiry to assure adherence to such guidelines.
Student's t test or paired Student's t and McNemar tests were used to compare independent and paired data, respectively. The association between abnormalities in the brain Doppler parameters and the risk of emergency cesarean delivery for nonreassuring fetal status and metabolic acidosis was analyzed by multiple simple logistic regression (for independent data) or conditional logistic regression (for paired data) adjusted by estimated fetal weight percentile and gestational age at birth using Statistical Package for the Social Sciences 17.0 statistical software.
A predictive model for the occurrence of intrapartum cesarean delivery and emergency cesarean delivery for nonreassuring fetal status was constructed using the Decision Tree Analysis algorithm (SPSS 17.0), which provides clinically comprehensive classification algorithms that allow their use in clinical practice to profile the individual risk for a given patient. The decision tree was developed using the Classification and Regression Trees CHAID method (Quick, Unbiased and Efficient Statistical Tree), which generates binary decision trees with the P inset at .05 (Bonferroni-adjusted for multiple comparisons) and a cutoff selected automatically for all the parameters included. 30 The classification and regression tree was constructed by splitting subsets of the data set using all predictor variables to create two child nodes repeatedly. The best predictor was chosen using a variety of impurity and diversity measures. For a parsimonious model, the number of cases to be present for a split has to be greater than 5% of the sample. Thus, the stopping rules for the iterative process were that the tree should have a maximum of three levels, a minimum of 10 cases were to be present for a split to be calculated, and any given split should not generate a group with less than five cases. This allowed sequential analysis of variables to predict the risk of intrapartum cesarean delivery.
RESULTS
During the study period, a total of 232 consecutive small-for-gestational-age fetuses with estimated fetal weight less than the 10th percentile fulfilling the inclusion criteria were recruited. One neonate was excluded because a nondiagnosed congenital malformation and eight additional cases because of a normal birth weight, leaving a total population of 223 cases.
In 13 cases (5.8%), frontal brain perfusion could not be evaluated as a result of the degree of engagement of the fetal head into the pelvis, leaving 210 cases for the analysis that were matched with 210 control participants, resulting in a final population of 420 fetuses. Table 1 shows the maternal and neonatal clinical characteristics of the population. According to our matched design, gestational age at inclusion and at delivery was similar between cases and control participants. Small-for-gestational-age fetuses showed a significantly higher rate of cesarean delivery, emergency cesarean delivery resulting from nonreassuring fetal status, and neonatal acidosis than control participants. In 64% of the small-for-gestational age group with nonreassuring fetal status (in 39 of 61), the diagnosis was made during the latent phase (in 18 of 39 fetal scalp samplings was not performed as a result of the unfavorable cervical conditions) and in 36% during the first or second stages of labor. The proportion of small-for-gestational-age fetuses with increased fractional moving blood volume, abnormal cerebroplacental ratio, and middle cerebral artery vasodilation was 42.4%, 28.6%, and 14.8%, respectively. Figures 2 and 3 show the frequency of intrapartum cesarean delivery, cesarean delivery resulting from nonreassuring fetal status, and neonatal acidosis for control participants and for small-for-gestationalage fetuses classified according to the presence or absence of decreased cerebroplacental ratio or middle cerebral artery vasodilation. Within the group of small-for-gestational-age fetuses, those fetuses with middle cerebral artery vasodilation had a significantly higher incidence of intrapartum cesarean delivery (67.7% compared with 32 
50).
Detection and false-positive rates of middle cerebral artery for cesarean delivery for nonreassuring fetal status were 29.5% and 8.7%, whereas they were 45.9% and 21.5% for cerebroplacental ratio. For neonatal acidosis, the detection rate was 37.5% (falsepositive of 12.9%) for middle cerebral artery and 37.5% (false-positive of 27.8%) for cerebroplacental ratio. Table 2 shows the odds ratios of emergency cesarean delivery for nonreassuring fetal status and neonatal acidosis according to each brain Doppler parameter with control participants as the reference group.
The decision tree analysis (Fig. 4 ) profiled three groups with increasing risk of intrapartum cesarean delivery and cesarean delivery secondary to nonreassuring fetal status. Middle cerebral artery pulsatility index was the best initial predictor discriminating a group with the highest risk of CD (67.7% in small-forgestational-age fetuses with middle cerebral artery vasodilation compared with 32.4% in those with normal middle cerebral artery, PϽ.001) and cesarean delivery for nonreassuring fetal status (58.1% compared with 24%, respectively, PϽ.001). In the subgroup of normal middle cerebral artery, incorporation of cerebroplacental ratio identified two groups with different risk of cesarean delivery (51.4% in small-for-gestational-age fetuses with decreased cerebroplacental ratio compared with 27.5% in those with normal cerebroplacental ratio, PϽ.01) and cesarean delivery for nonreassuring fetal status (37.8% compared with 20.4%, respectively, Pϭ.01).
DISCUSSION
This study provides evidence that abnormal brain Doppler before the onset of labor induction indentifies small-for-gestational-age fetuses at high risk of emergency cesarean delivery for nonreassuring fetal status and neonatal acidosis. The data suggest that combination of middle cerebral artery Doppler and cerebroplacental ratio may refine prediction and establish subgroups with progressive risk of nonreassuring fetal status. These findings add to the body of evidence suggesting that the diagnostic category of small for gestational age includes a proportion of cases with true growth restriction and mild placental insufficiency, which is not reflected in the umbilical artery Doppler. In this category, in which longitudinal studies have demonstrated that umbilical artery impedance remains normal throughout the fetal monitoring, 31 brain redistribution seems to constitute a surrogate of placental insufficiency and hypoxia as suggested by its association with abnormal neonatal neurobehavior 10, 17 The present study suggests a new clinical application for fetal brain Doppler in the selection of small-for-gestational-age fetuses at risk of nonreassuring fetal status during labor induction.
This study found that middle cerebral artery Doppler had the highest value to predict the individual risk of emergency cesarean delivery for nonreassuring fetal status. The data are in line with Severi et al 9 who reported that the risk of cesarean delivery was increased in small-for-gestational-age fetuses with middle cerebral artery vasodilation at the time of diagnosis. Concerning the cerebroplacental ratio, our clinical algorithm shows that decreased cerebroplacental ratio values had a higher sensitivity than middle cerebral artery vasodilation for emergency cesarean delivery for nonreassuring fetal status (45.9% compared with 29.5%) but lower specificity (78.5% compared with 91.3%). These findings are in agreement with previous studies in preterm fetuses with growth restriction showing that cerebroplacental ratio becomes abnormal earlier [32] [33] [34] and, thus, it has a greater sensitivity for adverse outcome than middle cerebral artery, [12] [13] [14] [15] but it is less specific. 35 As the decision tree algorithm illustrates, combining both middle cerebral artery and cerebroplacental ratio allows an overall detection rate for nonreassuring fetal status of 50% while maintaining a specificity of 76%. Concerning brain tissue perfusion as measured by fractional moving blood volume, this study showed no association with the risk of nonreassuring fetal status or neonatal acidosis. Brain tissue perfusion becomes abnormal earlier than spectral Doppler parameters such as middle cerebral artery and cerebroplacental ratio 16 and has shown the greatest sensitivity to detect poor neonatal neurobehavior among term small-for-gestational-age fetuses. 17 It can be hypothesized that increased brain perfusion by fractional moving blood volume identifies early stages of fetal hypoxia, when a majority of small-for-gestational-age fetuses are still capable of tolerating uterine contractions. On the contrary, abnormal middle cerebral artery Doppler, which appears only in advanced stages, 16, 31 would indicate a lower fetal reserve in the presence of uterine contractions. In agreement with this contention, middle cerebral artery was the only brain Doppler parameter associated with neonatal acidosis, which is a major contributor to neonatal neurological morbidity. 36 The effect of the identification of small-for-gestational-age fetuses at risk of emergency cesarean delivery after labor induction should not be underestimated. Small for gestational age affects up to 10% of the deliveries in developed countries and represents approximately 400,000 cases per year in the United States. 37 Although there are recommendations that term IUGR fetuses should be monitored during delivery as high-risk pregnancies, 38 there is no consensus about the best strategy for delivery. A recent multicenter clinical trial failed to demonstrate differences in perinatal outcome between expectant management compared with induction of labor. 39 However, this study defined small-for-gestational-age fetuses only by estimated fetal weight percentiles and therefore it remains unclear whether the results might differ in the subgroup of small-for-gestational-age fetuses with signs of late-onset IUGR. The lack of consensus is reflected in a substantial proportion of small-forgestational-age pregnancies managed by induction of labor. 18 -20 These numbers may increase as evidence supporting an increased risk of adverse perinatal and neurodevelopmental outcome in term small-for-gestational-age fetuses accumulates. [2] [3] [4] [5] [6] [7] However, labor induction in small for gestational age carries a higher risk of nonreassuring fetal status and emergency cesarean delivery, 9 which in turn are associated with increased maternal and perinatal risks and high resource consumption. 40 -42 The results of this study may be of help in decision-making at the time of induction of labor. Brain Doppler may allow identifying patients with high risk of emergency cesarean delivery and overall low chances of successful vaginal delivery. Prediction of this risk before labor induction might allow a better patient-individualized counseling and a more efficient provision of resources in cases of suspected small for gestational age. However, it must be stressed that this study does not intend to suggest a single best management strategy for delivering smallfor-gestational-age pregnancies presenting with abnormal brain Doppler. For instance, it cannot be ruled out that poor outcome is strongly influenced by intrauterine environmental factors associated with growth restriction, and thus cesarean delivery would not result in any improvement on long-term outcome. In addition, the answer to this question may be strongly influenced by other factors including cervical conditions, parity, and availability of resources. In any event, the data suggest that brain Doppler may help establishing overall risks that could be combined with other clinical information in decision-making processes and opens opportunities for clinical trials addressing these questions. Multicenter clinical studies including evaluation of the mentioned factors might help refining the appropriate application of fetal brain Doppler evaluation in the selection of cases for trial of labor compared with elective cesarean delivery.
Strengths of this study are the prospective design, the inclusion of a well-defined cohort of term smallfor-gestational-age fetuses with normal umbilical artery Doppler exposed to labor induction, and that obstetricians in charge of labor monitoring were blinded to the brain Doppler parameters evaluated in this study. Among the limitations of the study, it must be acknowledged that because all brain Doppler measurements were performed by a single expert, this may limit the external validity and therefore the generalizability of the results, although it increases the internal validity of the study. In addition, the sample size of the study did not allow evaluating the contribution of known factors affecting the risk of cesarean delivery such as Bishop score and parity into the clinical algorithm. The fact that most instances of cesarean delivery for nonreassuring fetal status occurred early in the induction process reduces the potential influence of these factors, but larger studies are needed to address this issue. Finally, we acknowledge that the clinical applicability of these findings may be limited because brain Doppler evaluation in advanced gestational ages requires expertise and this may not be readily available in all settings. In addition, like with other Doppler indices, middle cerebral artery vasodilation must be confirmed over 24 hours to avoid false-positive results. 43 In conclusion, evaluation of spectral brain Doppler indices allows identification of small-for-gestationalage fetuses with late-onset IUGR and normal umbilical artery Doppler at risk of emergency cesarean delivery for nonreassuring fetal status and metabolic acidosis at birth. These findings support the assessment of brain Doppler in the monitoring of small-forgestational-age fetuses to improve timely delivery and decision-making regarding induction of labor at term.
